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Abstract. Many-core processors are now ubiquitous in supercomput-
ing. This evolution pushes toward the adoption of mixed models in which
cores are exploited with threading models (and related programming ab-
stractions, such as OpenMP), while communication between distributed
memory domains employ a communication Application Programming In-
terface (API). OpenSHMEM is a partitioned global address space com-
munication specification that exposes one-sided and synchronization op-
erations. As the threaded semantics of OpenSHMEM are being fleshed
out by its standardization committee, it is important to assess the sound-
ness of the proposed concepts. This paper implements and evaluate the
“context” extension in relation to threaded operations. We discuss the
implementation challenges of the context and the associated API in
OpenSHMEM-X . We then evaluate its performance in threaded situ-
ations on the Infiniband network using micro-benchmarks and the Ran-
dom Access benchmark and see that adding communication contexts
significantly improves message rate achievable by the executing multi-
threaded PEs.
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1 Introduction

OpenSHMEM [5] library specification aims at providing a standard API for
SHMEM libraries to aid portability across different vendor implementations on
different architectures. With behavior and semantics defined for the library API,
OpenSHMEM programs are expected to provide consistent behavior across mul-
tiple platforms. Many high-performance implementations from vendors such as
HPE, Cray, and Intel along with open source implementations by University of
Houston (reference implementation over GASNet) and ORNL (reference imple-
mentation over UCX, OpenSHMEM-X ) exist.

As we march towards the exascale era, the new trend in hardware is to
have more capable nodes with multiple levels of concurrency and parallelism. To
utilize these complex systems OpenSHMEM programming model has to evolve
to include support for heterogeneous architectures and hybrid programming.
The first step towards it is to have thread safety as part of the OpenSHMEM
specification that will allow threads representing a PE to make OpenSHMEM
calls.

Local	Data	

Symmetric	Heap	

Threads 

Local	Data	

Symmetric	Heap	

Threads 

Local	Data	

Symmetric	Heap	

Threads 

PE 0 PE 1 PE N-1 

Fig. 1. Multi-threaded OpenSHMEM Memory Model

Figure 1 shows the logical evolution of the OpenSHMEM memory model,
where each PE may spawn a number of threads. Since the OpenSHMEM pro-
gramming model does not recognize individual threads as separate entities, any
OpenSHMEM operation initiated by a thread is considered an action of the PE
as a whole. Like the single-threaded PE, threads of a multi-threaded PE may
access the local memory of the PE and the symmetric memory of its PE and
that of any other PE participating in the OpenSHMEM application but cannot
access the local memory of any other PE. The threading model itself is outside
the scope of this work.

The most recent version, 1.3 of the OpenSHMEM specification, does not de-
fine a thread safe API, but the community is having a productive discussion
about the appropriate interfaces and semantics that can effectively support con-
currently communicating threads. Multiple designs have been proposed in recent



years, and in this paper we evaluate the Contexts proposal by providing an im-
plementation over IB using the UCX communication library. The paper also
explores the possibility of a multi-threaded PE where individual threads can,
within the bounds of the OpenSHMEM semantics, add another level of concur-
rency to the application thus increasing overlap not only between operations of
the different PEs but also that of the same PE.

In Section 2, we give the background on thread safety in OpenSHMEM and
details about the Context proposal as presented to the OpenSHMEM commu-
nity. In Section 3, we discuss our implementation and the different considerations
made to make the implementation thread safe. In Section 4, we discuss the dif-
ferent benchmarks used to evaluate the implementation and discuss our results.
Related work in this context is covered in Section 5. The highlights of our anal-
ysis and our next steps are discussed in Section 6.

2 Background

Accompanying the evolution toward many-core architectures, hybrid program-
ming models are becoming increasingly popular and multiple threads play an
ever increasing role in improving the utilization and programmability of modern
High-Performance Computing (HPC) systems.

The OpenSHMEM Specification does not currently have a threading model,
thus hybrid programming (e.g. using OpenMP or OpenACC in OpenSHMEM
programs) is not directly supported. Nonetheless, successful use of OpenACC has
been demonstrated [2], with the limitation that OpenACC calls are restrained to
isolated segments in the OpenSHMEM program between shmem barrier all calls.
In contrast to this work, we propose to study the support of threaded Process-
ing Elements (PEs) where individual threads may participate in OpenSHMEM
calls on behalf of a PE. Through the context proposal, hardware resources are
exposed to these threads, which in turn provide concurrency and the ability to
synchronize on a per thread basis.

2.1 Thread safe API

An earlier proposal from Cray [4] introduced OpenSHMEM extensions for thread
safety which include different levels of threading support similar to those used in
MPI. This proposal has not been incorporated by the OpenSHMEM specification
community as of version 1.3, but the OpenSHMEM standardization committee
is working on integrating these concepts in the standard.

These thread support levels are hierarchical. In lower support levels, the pro-
grammer is responsible for restraining access to authorized threads, or serializing
access to the OpenSHMEM library, according to the supported semantics in that
level. Higher levels expand on the capabilities of the lower levels by relaxing the
allowed concurrency between OpenSHMEM calls. In the highest thread sup-
port level, multithreaded programs may issue concurrent calls to the otherwise
unchanged OpenSHMEM routines.



The first level of thread support is SHMEM THREAD SINGLE and it allows for one
thread per process. The next level SHMEM THREAD FUNNELED , permits processes
to have multiple threads but only one of the threads can make OpenSHMEM
calls, and it is the programmer’s responsibility to enforce that all OpenSHMEM
calls in a process are executed by that thread. The next level of thread support
is SHMEM THREAD SERIALIZED, which permits multiple threads to issue OpenSH-
MEM calls in a PE, but only one OpenSHMEM call per process can be active at
any given time. Since simultaneous calls from two threads belonging to the same
process are not allowed, it limits concurrency available through the multithread-
ing approach. Finally, in the SHMEM THREAD MULTIPLE level, processes may have
multiple threads and any thread may issue a OpenSHMEM call at any time, sub-
ject to a few restrictions. In this latest mode, the OpenSHMEM Specification
would enable hybrid programming with OpenSHMEM, but it would still over-
look other performance important factors such as network resource management.
Modern HPC networks have sophisticated network adapters, often exposing mul-
tiple resources to the software stack. To utilize these resources in a optimal way,
the application programmer needs to be able to provide a “hint” to the com-
munication library about the intended, and potentially exclusive, usage of the
OpenSHMEM interfaces, and the OpenSHMEM interface needs to be expanded
to expose the available resources in a portable way to the programmer.

2.2 Communication Contexts

The context proposal, first fleshed out by Dinanet. al. [7], seeks to alleviate
the aforementioned issue with resource allocation, mapping, and sharing. The
context proposal which expands on top of the thread safe API discussed in
Section 2.1, introduces a set of new API functions to map contexts onto resources,
and to issue Remote Memory Access (RMA) operations and synchronizations
on a specific context.

Additional RMA operations from the context proposal take the context as
an explicit parameter. They follow OpenSHMEMs API for the function names
and add a ctx qualifier to the function name (e.g., shmem ctx putmem corre-
sponds to shmem putmem). Finally, there are supplementary API functions for
memory ordering using contexts (shmem ctx fence and shmem ctx quiet). The
full semantics of the proposal are outside the scope of the paper; the interested
reader will find details on the proposed API in [7].

Contexts are created using the shmem ctx create function. The user may
indicate at creation time if the context is intended for shared, or exclusive use.
When the context is shared, multiple threads may issue operations concurrently
on the context. In addition to context synchronization targeting explicitly the
context, non-context synchronizations (e.g., shmem quiet, which does not have a
context argument) will synchronize the default context (i.e., the implicit context
in which operations without a context argument operate). When the context is
exclusive, only the calling thread may issue operations on the context, and only
synchronization operations that explicitly target the context affect the ordering,
visibility and completion of posted communication on the context.



Thanks to these additional API calls, the context proposal enables several
advantageous usage patterns. Regardless of the number of threads in an applica-
tion, contexts provide the opportunity to finely control and pipeline overlap of
multiple communication. Contexts can in effect be used to provide a fine control
on completion ordering while maintaining the performance benefit of implicit op-
erations (i.e., sparring the overhead associated with request-based approaches).

Additionally, RMA operations in one thread can be issued on a separate con-
text, and thereby isolated from RMA operations issued by a different thread on
another context. As we will further discuss in the rest of this paper, supporting
thread safe access to shared network queues and resources can have a significant
impact on communication performance, most notably on latency and injection
rate as locks, atomic operations and memory barriers must be added to the crit-
ical path to ensure consistency across multiple threads. If a context is exclusive,
although the application may issue operations from multiple threads, there is
no need to lock or ensure memory consistency between these threads, therefore
opening an alley for lock-free multithreaded operations.

Last, given the information about the number and nature (private or shared)
of the contexts requested by the application threads, and the number of un-
derlying hardware communication channels, the OpenSHMEM implementation
has an opportunity for optimizing the mapping between contexts and resources
to again minimize the need for serialization and locking. If sufficient hardware
resources are available, locking can be eliminated completely.

3 Implementation

Early evaluation versions of the context proposal have been implemented tar-
geting specific hardware such as Portals, and Cray DMAPP [14]. In this work,
we implement the concepts in a generic fashion in the OpenSHMEM reference
implementation, with the intent of stressing the portability implications of the
proposal when facing a generic interface to access network resources.

To test the proposed extensions to OpenSHMEM, we implemented the con-
text proposal in the OpenSHMEM reference implementation. The reference im-
plementation can use different conduits to map OpenSHMEM calls onto network
operations. The University of Houston (UH) reference implementation employs
GASNet [3], but the OpenSHMEM reference implementation has recently been
adapted to use UCX as the networking conduit [1].

UCX is a community effort to implement a portable and scalable high perfor-
mance network API framework. UCX supports different HPC networking archi-
tectures and supports RMA operations, active messages, as well as tag matching.
UCX provides different sets of APIs. UCP is the high level API,and is used by
our SHMEM implementation. Additionally, UCX provides the UCT API, which
abstracts, at a low level, the differences of various hardware architectures. Fi-
nally, the service API, UCS, provides functionality to write a portable networking
framework. One of the strong design points in UCX is its emphasis in providing



a close to the metal, yet portable access to network technology. In addition, a
significant effort has been made to make UCX API thread-scalable [11].

The UCP layer provides communication resources called UCP workers. A
worker object has methods for synchronizing and ordering (similar to those pro-
vided by shmem quiet and shmem fence), as well as methods for waiting on
events or memory locations (similar to shmem wait int). Multiple workers can
be created in a process, thereby providing separated access to low level commu-
nication resources. Communication operations are posted in an UCP endpoint;
An endpoint is a local queue for posting operations into a peer to peer channel
between a local and a remote worker. Workers at a target can be individually
addressed by creating different endpoints.

3.1 Per-context Endpoints

The major difference between the context-extended OpenSHMEM and the reg-
ular UCX OpenSHMEM is the way UCP endpoints are managed. In the regular
OpenSHMEM, one UCP endpoint is created between two PEs. That endpoint
is used to issue all communication and synchronization targeting that PE. With
this design, when multiple thread issue OpenSHMEM calls simultaneously, all
operations are serialized in that unique UCP endpoint; and the cost of thread
consistency (i.e., atomic operations and memory barriers) must be paid on per-
formance critical operations (like shmem int put). In addition, a single UCP
progress entity (a UCP Worker) is created. All threads requiring progress, or-
dering, and synchronization then issue a call to the same Worker object, which
again needs to ensure internal thread safety, and enforces ordering between events
that are not in a deterministic order. For example, a fence issued by one thread
may enforce the order between messages issued in another thread, but without
further user-level thread synchronization, that order is nondeterministic, and
enforcing it is spurious overhead.

In contrast, the context extended implementation creates a supplementary
worker for each calling thread. Every time a thread creates a context, a thread-
specific UCP worker is instantiated on which context synchronization opera-
tions are posted. In addition, supplementary thread-specific endpoints are cre-
ated to issue communication operations. All context communication calls (e.g.,
shmem ctx int put) are then simply remapped to the corresponding UCX call on
the context-specific UCP endpoint. Similarly, synchronization calls are remapped
to the context-specific UCP worker.

The context object contains a reference to the associated worker and array
of context-specific endpoints. Because the context is then passed as an explicit
parameter to all communication and synchronization functions, retrieving the
thread-appropriate worker and endpoints can be implemented without relying
on perhaps expensive thread-local storage (TLS).



3.2 Thread/Context Mapping

As the context committee is still fleshing out the context proposal, parts of
the interface are still under development. One such aspect of the proposal that
remains a work in progress is the mapping interface to attach contexts to threads.

The context proposal itself does not necessarily binds contexts and threads. A
single thread may create and use multiple contexts, or a context can be created
shareable, in which case it may be used by multiple threads concurrently, or
transitioned from thread to thread for serial accesses. However, one of the most
promising aspect in terms of performance optimization is for thread-exclusive
contexts, that is, contexts created for the exclusive use of the thread calling the
context creation function.

Our implementation of the proposal uses OpenMP runtime functions to
gather information of the number of threads the application is using. Shared
contexts are mapped onto the default UCX level network resource, i.e., the
thread-safe worker that handles operations posted on the default context, or
using the non-context interfaces. For thread-exclusive contexts, UCX level net-
work resources are allocated on a per thread basis. If the current thread has no
resources assigned to it, when that thread first creates a context, a new UCX
worker is created, and the reference to the worker is stored in both the new
context, and in a global table indexed per thread. Note however that during
communication operations, the appropriate worker resource is obtained from
the context itself, unlike in Cray’s thread hot implementation, thereby sparing
the potentially costly identification of the calling thread and the global lookup
in the shared table.

With this policy, if a thread creates multiple contexts, they will share the
same resource object. This mapping policy may result in under-utilizing avail-
able hardware network resources, if the number of available network hardware
queues is larger than the number of threads in the application. It also results in
over-synchronizing operations issued on multiple context from the same thread,
thereby limiting pipelining opportunities. An alternate strategy would be to
allocate a new UCX worker for every created context, resulting in a workers
potentially outnumbering the available network hardware queues. In this case,
without additional information on the intended usage pattern for the context,
determining which context should share a worker, so that the total number of
created workers is commensurate with the available hardware resources becomes
a difficult problem. A particularly stringent problem arises when one threads
creates many contexts, thereby exhausting exclusive resources and leaving all
other threads to suffer from the performance penalty of using shared resources.
A companion proposal to the context interface adds the concept of domains.
Domains represent a way for application codes to express preferences for the
bundling of contexts on the same physical network resources, when sharing be-
comes necessary. In the current work, contexts are implicitly bundled by calling
threads, as identified by calling OpenMP routines. Using the explicit domain
interface would remove the runtime dependency to OpenMP and support ar-
bitrary thread libraries (including full-user threads that would not register in



system calls). The domain proposal is currently evaluating exposing to the end-
user the number of available hardware queues, or on the opposite, obtain from
the user the desired number of logical queues and their sharing dependencies,
which would then inform the communication driver mapping (such a feature is
available in UCX).

4 Experimentation and Results

The experiments were conducted on a 16 node cluster at Oak Ridge National
Laboratory (ORNL). Each node has two Intel R©Xeon R©E5-2660 processors with
10 physical cores and hyper threading, a Mellanox ConnectX-4 VPI adapter
card, EDR IB (100Gb/s) and 12GB RAM.

To evaluate the implementation of Contexts in OSH-X we use three bench-
marks. These benchmarks create a communication context per thread and all
RMA and atomic operations use an additional parameter to identify the context
used as discussed in Section 2.2. This isolates the different threads form each
other and enables efficient resource sharing between threads. These benchmarks
are:

1. Message Rate benchmark
We modified the Ohio State University (OSU) [13] OpenSHMEM message
rate benchmark to use communication contexts and OpenMP. Adding sup-
port for OpenMP enabled the benchmark to run in a threaded environment.
The benchmark measures the message rate using put operations with an
increasing number of PEs per compute node.

2. Bandwidth benchmark
This benchmark has been derived by adding per thread bandwidth mea-
surement to OSU [13] OpenSHMEM bandwidth benchmark. We measure
the aggregate bandwidth across all threads of a PE, as well as the average
bandwidth for individual threads across runs. The benchmark is run with
two PEs on two nodes and records bandwidth of put operations with an
increasing number of OpenMP threads per PE.

3. Random Access benchmark
This benchmarks gives the Giga Updates per second (GUPs) [8] for a given
number of PEs. The problem size (number of updates) is directly propor-
tional to the number of PEs. The OpenSHMEM random access benchmark
is modified such that all updates are made to remote PEs. We run different
problem sizes with increasing number of OpenMP threads per PE with one
PE per node.

4.1 Message Rates

We measure the message rate using shmem put operations. Figure 2 shows the
message rate with an increasing number of threads for PEs using communication
contexts for a one byte transfer size. The overall message rate increases but the



aggregated message rate does not level off with the maximum number of threads,
showing potential for an increasing number of threads to achieve higher message
rate. Figure 3 shows the message rate change with increasing message size for
different threads per PE.
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Fig. 2. Aggregate and median message rate with increasing threads per PE

4.2 Bandwidth

In Figure 5, we show the median bandwidth achieved across the thread team
and the aggregate bandwidth for increasing number of threads per PE for large
messages (1MB). From the graph it is evident that it is not difficult to saturate
the network using large message sizes with fewer threads per PE. Figure 6 shows
the bandwidth utilization as a function of transfer size. The graph shows that
the benefits of having a multiple threads with independent contexts dwindle as
the transfer size increases. At this point the network becomes the bottleneck.

4.3 Random Access

The OpenSHMEM Random Access benchmark allocates a large remotely acces-
sible table data structure on each PE and updates are made to random locations
at each iteration. We test this benchmark by allocating one PE per node and
then increasing the number of OpenMP threads per PE. Figure 7 shows that,
higher thread counts achieve higher GUPs for the same number of PEs (hence
the same problem size).
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5 Related Work

The OpenSHMEM communication context proposal was introduced by [7] with
a prototype implementation on Portals 4 network programming interface. The
proposal was later developed to include Domains; which are a group of contexts
that have the same properties. Another evaluation for Cray was explored in
[9] where they implemented the context and domain concepts over the Cray
DMAPP (Distributed Shared Memory Application) library.

The MPI community has explored endpoints [6, 12] for MPICH for hybrid
programming support. The difference in the two proposals is that they generated
additional MPI ranks that could be assigned to threads used in the execution
of such models. The MPI endpoints are similar to context as they also iden-
tify independent set of resources that will support concurrent communication
operations. Other Partitioned Global Address Space (PGAS) low level libraries
like GASNet [3] and ARMCI [10] provide ways to aggregate non-blocking com-
munication. These aggregations can then, by the library, provide independent
resources without user intervention.

6 Conclusions and Future Work

We have implemented the context proposal with a hardware neutral interposition
layer (UCX) in the reference OpenSHMEM implementation. This implementa-
tion creates separate resource pools on a per-thread basis, thereby eliminating
the cost of serializing accesses from multiple threads to a single shared resource.
Our experimental evaluation demonstrates that the design can scale with the
number of threads concurrently issuing communication. Notably, the random
access benchmark performs significantly faster with more threads per PE.



In future works, given the significant advantage shown in the micro-benchmarks
and Random Access benchmark, we expect the performance gain to permeate
to the applications; we would therefore like to extend the evaluation to more
application benchmarks. As we stated in the implementation section, the map-
ping of contexts to hardware resources remains an open problem at this point.
Given our experience with UCX, we would like to experiment with the concept
of domains to drive the context mapping onto hardware resources in an efficient
and portable way.
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